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The effect of minor addition of Sc on microstructure, age hardening behavior, tensile properties and fracture morphology of 1460 alloy have
been studied. It is found that Sc content increase from 0.11 wt% to 0.22 wt% is favorable for grain reﬁnement in as-cast alloy but results in a
coarsening of Cu-rich particles. The alloy with 0.11 wt% Sc exhibits enhanced mechanical properties and age hardening effect. Transmission
electron microscopy (TEM) investigations on the alloy with 0.11 wt% Sc have suggested that a large amount of Al3(Sc, Zr) particles precipitated
at the earlier aging may inhibit recrystallization effectively.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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A demand for signiﬁcant improvements in aircraft efﬁciency
has promoted the development of aluminum–lithium alloys,
which have been successfully used in aerospace industry,
military and civil airplane industry [1]. However, the alloys
have not yet greatly replaced the conventional aluminum
alloys on count of the poor ductility and fracture toughness
and low cycle fatigue resistance [2]. To obtain optimum
mechanical properties, efforts have been made in composition
design, mechanical heat-treatment and puriﬁcation [3,4].
Alloy 1460 is a typical Al–Cu–Li alloy. As for Al–Li–Cu–X
alloys, additional elements (such as Ag, Mg, Sc, Zr, etc) have
been used to modify the mechanical properties. Russian
researchers are the pioneers in studying the effect of rare
metal elements (Ce, Sc, Zr etc) in 1460 alloy, and 1420–1460
series aluminum–lithium alloys have been successfully devel-
oped with Zr and Sc addition [5]. According to the binary Al–Sce front matter & 2014 Chinese Materials Research Society. Produc
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Al3Sc. It is reported that Al3Zr is effective in retarding sub-grain
boundary migration and coalescence, and having a structure
strengthening effect [6]. Sc is known to behave in a similar
manner as Zr. Usually Sc and Zr are added synchronously into
aluminum–lithium alloys as they would form Al3(Sc, Zr).
Al3(Sc, Zr) not only inherits all the beneﬁcial properties of
Al3Sc, but also has better heat endurance comparing to Al3Sc.
Also, the coherent Al3(Sc, Zr) particles precipitated during aging
treatment have a dispersion strengthening effect [7,8].
Sc has a grain reﬁnement effect and could inﬂuence the aging
behavior and mechanical properties in aluminum–lithium alloys.
For example, 0.11 wt% addition of Sc improved the tensile
strength of alloy 8090 by 6% with slightly decrease in elongation
due to the strengthening effect of Al3(Sc, Zr) precipitates [9];
0.15 wt% Sc to alloy 2195 could improve the elongation by 2.4%
without reducing the tensile strength. The enhanced elongation was
ascribed to the delay of aging process, which resulted in smaller
size and uniform distribution of T1(Al2CuLi) in Al matrix [10].
Both alloy 8090 and 2195 alloys are Al–Cu–Li–Mg–Zr–X series
alloys, except that 2195 alloy contains Ag and has a lower Li/Cu
atomic ratio.
Alloy 1460 belongs to Al–Cu–Li–Zr series and has a similar
Li/Cu atomic ratio to alloy 8090. In the present investigation,
the inﬂuence of Sc addition on the Zr-containing alloy 1460tion and hosting by Elsevier B.V. All rights reserved.
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ical properties, precipitates and fracture morphology will be
presented and discussed.Table 1
Chemical compositions of experimental alloys (mass %).
Alloys Cu Li Sc Zr Ce Fe Si
4 3.06 2.04 0.11 0.09 0.13 0.13 0.08
5 3.03 2.01 0.0 0.07 0.11 0.11 0.06
6 3.06 1.97 0.22 0.11 0.11 0.11 0.07
Fig. 1. Optical micrographs of as-cast alloys with (a) 0.11 wt% Sc, (b) 0 Sc,
(c) 0.22 wt% Sc.2. Experimental procedures
The compositions of the alloys used in the present work are
given in Table 1. The raw materials used for melting were:
99.8% pure Al, 99.5% pure Cu, 99.8% pure Li, and the master
alloys of Al–1.7%Sc, Al–10%Zr and Al–10%Ce. All alloys
were induction melted under an Ar atmosphere.
The ingots were homogenized at 500 1C for 24 h and then
cooled with forced air. The ingots were then processed by
extrusion and rolling. The deformation process was as follows:Fig. 2. SEM back scattered electron images of the alloys 4–6 after homo-
genization (500 1C 24 h) showing a variety of Cu enriched inclusions (black
arrows marked).
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plates with a thickness of 15 mm, and then the plates were hot-
rolled and cold-rolled to the blanks of about 2 mm in
thickness.
Blanks were solution treated at 540 1C for 1 h and quenched
into cold water. Samples from the blanks were aging hardened
at 190 1C for different times. The peak aging time was decided
according to the aging hardness curve. Since the peak aging
time of the three alloys were 10 h, tensile test samples were
then aged at 190 1C for 10 h.
The tensile test, micro-hardness test were used to measure the
mechanical properties of the alloy, and the microstructure was
observed by optical metallographic technique, scanning electron
microscopy and transmission electron microscopy. To get a
metallography of the samples, Keller0s reagent was used for
etching. Foils for transmission electron microscopy were electro-
polished in a 70% methanol and 30% nitric acid solution. The foils
were ﬁnally examined on FEI Tecnai G220 TEM.
Vickers hardness was measured using 1 kg load on surfaces
along the thickness direction. Tensile test samples were cut
from blanks in the rolling direction.3. Results and discussion
The as-cast microstructure of the alloys 4–6 are shown in
Fig. 1. It has been found that the effect of Sc content on the
grain morphology is obvious: the grains in the 0 Sc and
0.11 wt% Sc containing are columnar dendritic and cellular
dendritic (see Fig. 1(b) and (a)). It was difﬁcult to measure the
grain size since the grain boundaries are irregular; while the
grains in the alloy 6 with 0.22 wt% Sc is totally non-dendritic
and its grain size could be estimated about 80 μm. Previous
studies on alloy 8090 have proved that higher amounts of Sc
(0.43 wt% and 0.84 wt%) could make the grain size reduction
to 30 μm and non-dendritic [9]. In alloy 1460, 0.22 wt%
addition of Sc has also been noticed to effectively reﬁne the
grains. Thus, Sc addition to Al–3%Cu alloy has suggested that
Sc is effective in grain reﬁnement and eliminating dendrites by
enhancing constitutional supercooling [11].Fig. 3. Energy dispersive spectrometer (EDS) analyses of the iAfter being homogenized at 500 1C for 24 h, the micro-
structures of the alloys 4–6 were observed by SEM. Fig. 2
presents the SEM back scattered electron images of the alloy
4–6. All the alloys contain coarse inclusions, and EDS
analyses has revealed that these inclusions are Al–Cu or
Al–Cu–Ce–Fe compounds (see Fig. 3). As the Cu content in
these inclusions is much higher than that of the matrix, we call
these Al–Cu and Al–Cu–Ce–Fe regions as Cu-rich phase. The
experimental evidence suggests that higher amount of Sc could
lead to fewer but bigger Cu-rich phase. Our experimental
results suggest that the big Cu-rich phase may deteriorate the
mechanical properties of the alloy due to the following two
facts: one is that the large Cu-rich particles cause consumption
of Cu; another is that such large inclusions usually will cause
fracture. In general, the improvement in fracture toughness was
attributed primarily to the lower volume fraction of interme-
tallic particles.
Fig. 4 presents the optical micrographs of T6 peak aged
(540 1C 1 hþwater quenchedþ190 1C 10 h) alloys. In
Fig. 4(a) and (c), the alloys with 0.11 wt% Sc and 0.22 wt%
has no signs of recrystallization, while the Sc-free alloy
(shown in Fig. 4(b)) has completely recrystallized with a grain
size of 100 μm much larger than that in the Sc-contained
alloys. Thus, the Sc addition (with Zr addition of 0.12 wt%) is
effective in inhibiting recrystallization in alloy 1460.
In Al alloys, Sc and Zr tend to form the Al3(Sc, Zr)
compound [8]. TEM investigations on alloy 4 have revealed
that a number of Al3(Sc, Zr) particles precipitated out before
the alloy was aged as shown in Fig. 5(a). High density of ﬁne
Al3(Sc, Zr) precipitates with an average size of 30 nm can be
observed after the alloy was aged at 190 1C for 30 min as
shown in Fig. 5(b). Fig. 5(c) is a typical TEM image showing
the distribution of the precipitates at peak aged condition
(190 1C 10 h). we can see that a large amount of T1 phase
appeared to be inside the sub-grains. Along the sub-grains a lot
of coarse phase were observed. Fig. 5(d) presents the sub-
grains of alloy 4 after being aged for 50 h, it shows that the
substructure were stabilized. It has been reported that Sc could
inﬂuence the stability of substructure in Al–Cu–Li alloys [12].
Age hardening curves of alloy 4–6 after aged at 190 1C are
presented in Fig. 6. The three alloys showed a hardness peaknclusions (black arrows marked A and B in Fig. 2).
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alloy 5 and 6 were more or less similar, while the aging curve
of alloy 4 is higher than others. It is easy to understand why
the hardness of alloy 4 is higher than alloy 5, which may be
contributed to the un-recrystallized grains and the precipitation
of a number of Al3(Sc, Zr). However, an increasing Sc content
did not bring higher hardness, it seemed that the proper
addition of Sc to alloy 1460 was 0.11 wt% considering the
fact that alloy 6 with 0.22 wt% Sc exhibited lower hardness
than alloy 4.
Fig. 7 presents the tensile properties of alloy 4–6, the results
are consistent with the peak hardness in Fig. 6. Alloy withoutFig. 4. Optical micrographs T6 peak aged alloys (a) alloy 4 with 0.11 wt% Sc;
(b) alloy 5 with 0 Sc;(c) alloy 6 with 0.22 wt% Sc.Sc and alloy with 0.22 wt% Sc showed the same tensile
strength, yield strength and elongation, while alloy with
0.11 wt% Sc has higher tensile strength, yield strength andFig. 5. TEM micrographs of alloy 4 with 0.11 wt% Sc (a) 540 1C 1 h solution
treatedþwater quenched; (b) 190 1C 30 min aged; (c) 190 1C 10 h aged; (d)
190 1C 50 h.
Fig. 6. Hardening curves for alloys 4–6 aged at 190 1C for various time.
Fig. 7. Tensile properties of 2.4 mm thick plates (T6 temper) of 1460 alloy
with or without Sc (LT orientation).
Fig. 8. SEM images of the fracture surface (a) alloy 4, (b) alloy 5, (c) alloy 6.
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0.11 wt% Sc made the tensile strength 9% higher, the yield
strength 19% higher and elongation 1% higher, however, the
tensile properties of the alloy added with 0.22 wt% Sc are quite
similar with the Sc-free alloy.
In order to understand the effect of 0.11 wt% Sc addition, we
have investigated the tensile fracture morphology of the three
alloys (Fig. 8). Alloy 4 with 0.11 wt% Sc, which is un-
recrystallized, exhibits inter-sub-granular and trans-granular fracture
behavior (Fig. 8(a)). Since the most grains in alloy 5 (after solution
treated) have been recrystallized and the grain size is large, its
fracture morphology is thus a mixture of intergranular and trans-
granular fracture (see Fig. 8(b)). In alloy 6, it tends to fail by
intergranular and inter-sub-granular fracture (see Fig. 8(c)).
4. Summary
According the detailed microstructure observation, mechanical
testing and tensile fracture morphology analysis, the effect of minor
additions of Sc on alloy 1460 could be summarized below:1. In 1460 alloy, an increasing Sc content result in a grain
reﬁnement, and the addition of 0.22 wt% Sc eliminated the
dendrites.2. All the three alloys contains two types of Cu-rich particles,
and as the Sc content increases, the particle size becomes
larger.3. Alloy with 0.11 wt% Sc can induce a great deal of Al3(Sc,
Zr) precipitation, and these particles are effective in
inhibiting recrystallization and age hardening.4. Addition of 0.11 wt% Sc in 1460 alloy has improved the
tensile strength by 9% and proof strength by 19% without
losing the ductility.References
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